isImi for research in photosyinthesis for there are several mutant strains with impaired plhotosynthesis (21) , as well as a nunmber of nmutant strains in which the pigments are visibly altered (25) . In view of the recent investigations on the photosynthetic competence of these mutant strains (17, 19, 20) we felt it was desirable to obtain a comlplete (lescription of their carotenoid pignments.
In a preliminary study of the carotenoid pigments of C. rein/lardi, Sager and Zalokar (26) separated 15 carotenoi(d fractions fronm their light-grown wild type strain. They were able to identify a-carotene, ,-carotene ancd lutein. When grown in the dark, the wild type strain produced only 6 fractions, including the 3 identified in the light. In contrast, a pale green mutant strain (no. 95) which dies when grown either photosynthetically or heterotrophically in the light, produced only a-carotene and 8-carotene in the dark.
In the present study. 9 (lifferent carotenoid pig- 1 Received Nov. 22, 1963 . 2 This investigation was supported in part by Public Health Service Research Grants (GM-07984) from the National Institute of General Medical Sciences, (AI-01421) from the National Institute of Allergy and Infectious Disease and by the National Science Foundation (GB-329). mlenits could be i(lentifiedl in light-grown cultures of the wvild type strain of C. reinhardli. Dark-growni wil(d type cultures contain 7 of these pigmiients, have less total pigment. and have a markeclly decreased ratio of 18-carotene/a-carotene. The latter 2 properties are also characteristic of the mllutanlt strains (lescribed here.
Materials and Methods
Organisms. Six strains of C. reinhar(di were used in the experinments reported; wild type (strain 137c6 a mlutant strain of spontaneous origin, 1-2, an(d 4 UV-inducecl mutant strains, ac-16, ac-21, ac-115 and(l ac-141 ( 18) .
Wild type C. reinhardi is green when cultured in the light or (lark, whereas v-2 is green when cultured in the light but yellow when cultured in the (lark. The nmutant strain is, therefore, phenotypically similar to the yellow in the (lark or yellow strain described by Sager (24) . This yellow phenotype results fronm the inability of the nmutant strain to synthesize chlorophyll in the dark. During the course of this investigation, it became apparent that we were working with mixed cultures of wvild type and y-2. Cell population stuclies were therefore carried out on cultures grown under identical conditions to those used for the pigment analyses. Several wild type and y-2 liquid cultures were grown in the light and in the dark and plated out. These plates yielded several hundred colonies from each original culture. Wild type cultures were found to contain 12 % y-2 whereas the v-2 cultures contained 3 % wild type. These results were the same whether the plates were cultured in the light or in the dark. Pigment analyses were carried out on similar liquid cultures and the following corrections applied: let w = pigment concentration in pure wild type cultures, x = pigment concentration found in wild type cultures, y = pigment concentration in pure y-2 cultures and z = pigment concentration found in y-2 cultures: then x = (0.88) (w) + (0.12) (y) and z = (0.03) (w) + (0.97) (y): therefore w = (1.141) (x) -(0.141) (z) and y = (1.035)(z) -(0.035)(x).
Growth Conditions. Cultures were grown on a shaking apparatus at 250 in high salt minimal medium supplemented with 2 % sodium acetate (30) . They were either illuminated continuously at a light intensity of 4500 lux from daylight fluorescent lamps or cultured in the dark in flasks made light-tight with black masking tape. Pigment analyses of wild type andl v-2 were carriel out on both light-and darkgrown cultures whereas analyses of the remaining strains were made on light-grown cultures.
Pigmnent Analysis. Cells were harvested during the logarithmic phase of growth by centrifugation at 4000 X g for 5 minutes, and were examined directly or after they had been stored at -200 for up to 48 hours. Packed cells (1.2-6.0 g wet wt) were suspended in 6 % KOH in methanol (5 ml/g wet wt) and saponified in the dark for 5 minutes at 40°. This mixture was rapidly chilled and the methanol decanted after a brief centrifugation. The cell residue was reextracted several times with methanol (5.0 ml/g wet wt) until it was colorless. All of the carotenoid pigments were transferred to diethyl ether (peroxidefre2) following the addition of an equal volume of a 5 % sodium chloride solution to the pooled methanol extracts. Alkali was removed by washing the ether layer with water, and this extract was taken to dryness in vacuo at 40°. The pigments were redissolved in 10 % acetone in petroleum ether and were chromatographed on columns of weakened aluminum oxide, as described earlier (15) . Four fractions (A, B, C, D) were eluted from these columns with 20 % acetone in petroleum ether, 40 % acetone in petroleum ether, acetone and absolute ethanol respectively, and these fractions were resolved into their individual carotenoid components by chromatography on magnesium oxide (Sea Sorb 43): Celite (1: 1).
Fraction A. This fraction contained the hydrocarbon pigments and could be separated on a magnesia column by development with petroleum ether.
Fraction B. Using 2 % ethanol in petroleum ether on a magnesia column this fraction resolved into cryptoxanthin (when present), lutein, zeaxanthin, and luteoxanthin (zeaxanthin monoepoxide monofuranoid).
Fraction C. Development with 6 % ethanol on a magnesia column resulted in a separation of 2 pigments, violaxanthin and trollein.
Fraction D. This fraction contained only a single pigment, neoxanthin, when developed with 10 % ethanol on a magnesia column.
Each pigment was identified by a number of procedures, which included spectrophotometry, mixed chromatography with authentic samples and color reactions with concentrated hydrochloric acid. In addition, quantitative partition coefficients were obtained, as described by Petracek and Zechmeister (23) , and from these, M50 values were obtained, as described by Krinsky (14 Pigment P-460 was observed as a pinkish-orange band moving behind ,8-carotene on magnesium oxidecelite columns when developed with petroleum ether. It has a partition coefficient of 100: 0 in a 95 % methanol: petroleum ether system, which remained unchanged after saponification. The spectrum of this pigment, plotted in figure 1, was virtually unchanged when exposed to light in the presence of iodine. Figure 2 represents the absorption spectra, in absolute ethanol, of luteoxanthin and the product formed by the addition of a trace of hydrochloric acid. On occasions, small quantities of pigments with properties similar to mutatochrome, flavoxanthin, and auroxanthin were observed, but they were not present in sufficient quantities for positive identification. An E ' es value of 2250 at 440 mu was used to determine the concentration of the unknown pigments.
Dark-grown wild type cultures contain about 70 % of the carotenoid pigment present in the light-grown cultures. This decrease is due to a lower concentration of xanthophylls in the dark-grown cultures, for the total carotene level does not differ when wild type cultures are grown in the light or in the dark. There is, however, a change in the 18-carotene/a-carotene ratio, which drops from a value of 32.3 in the lightgrown cultures to 13.6 in the dark-grown cultures. In addition, we were unable to detect zeaxanthin or luteoxanthin in these dark-grown cultures. in the anmount of lutein. Thus, the mutant strain is highly enrichedl with respect to this pigment. There is also an enrichimlent in the relative amlount of acarotenie, resultinig in a /8-carotene /a-carotene ratio of 5.t6.
Discussion
The distribution of carotenoi(d pigmlenits amilonig the various classes of algae has been reviewe(l recently (10, 22, 29) . In general, it appears that the Chlorophyceae are very similar to green plaints, for both groups contain a-carotene, /3-carotene, lutein, violaxanthin, and neoxanthin. This pattern can be altered by mutationi. Claes describedl 4 nmutant strains of Chlorella, zuitlgaris in which the synthesis of the carotenoid pigmlents was altered (2-6). Allen, Goodwin, andl Phagpolngarm described 3 mutant strains of Chliorella pyretioidosa which also ha(l altered carotenl- One of these has been designated P-460 from the wave length of the major absorption peak in petroleum ether. From its position on magnesium oxidecelite columns and its partition coefficient, which remains constant with saponification, we conclude that P-460 is a hydrocarbon. As seen in figure 1 , the spectrum of P-460 is almost identical to the spectrum obtained by isomerizing pro-y-carotene (31) , and it would therefore appear that P-460 is a naturally occurring cis-isomer of y-carotene. Haxo and Clendenning have reported large amounts of y-carotene in the gametes of the green alga, Ulva (11) .
An additional pigment has been identified as trollein. This was first described by Curl and Bailey (8) as a polyhydroxy xanthophyll present in orange juice. This pigment appears identical to a xanthophyll isolated from green algae by Strain (29) . When chromatographed on sugar columns, and developed with 0.5 % n-propanol in petroleum ether, the unidentified xanthophyll described by Strain adsorbed between violaxanthin and neoxanthin. We find that trollein behaves similarly when chromatographed with violaxanthin and neoxanthin on a sugar column, forming the middle zone. Krinsky (14) has suggested that this compound is a tri-hydroxy xanthophyll, and Krinsky et al. (16) have also isolated this pigment from another alga, Euglena gracilis.
The third new pigment which we have characterized from C. reinhardi does not appear to have been observed previously in any algal species. This pigment is luteoxanthin, a monoepoxide monofuranoid xanthophyll first isolated by Curl and Bailey (7) from a number of fruits. Luteoxanthin can be formed in vitro during the acid-catalyzed conversion of violaxanthin to auroxanthin (28) . Inasmuch as traces of an auorxanthin-like pigment were occasionally found in the light-grown cultures along with luteoxanthin, there was the possibility that both of these pigments arose from violaxanthin during the extraction process. This seems unlikely, in view of the fact that we found luteoxanthin in all of the light-grown wild type cultures that we examined (both fresh and frozen material), but found none of this pigment in dark-grown cultures of the wild type strain which received identical treatments (table II) . In addition, if conditions during the extraction permitted the conversion of violaxanthin to luteoxanthin, one would expect to find neoxanthin converted to its corresponding furanoid, neochrome (9), but this latter pigment was never observed in these extracts. Thus, it appears that the presence of luteoxanthin specifically differentiates light-grown cultures of the wild type from dark-grown cultures.
Zeaxanthin, found frequently in higher plants, has not been previously reported in the Chlorophyceae. This pigment is present in all of the light-grown cultures of C. reinhardi reported here except ac-16.
There are, therefore, 3 (26) , particularly with respect to the amount of xanthophylls present. We find 12 times as much xanthophyll present in light-grown wild type cultures and twice as much in dark-grown wild type cultures. One factor which might account for some of these differences is the age of the cultures at harvesting. Sager and Zalokar reported using cells harvested at the end of the logarithmic phase of growth, whereas we harvested cells during the logarithmic phase of growth. In addition, they did not report the light intensity at which their cultures were grown.
The mutant strain, v-2, appears very similar to wild type when grown in the light, with the exceptions that it contains a small amount of cryptoxanthin, and luteoxanthin is absent. In the dark, when v-2 is no longer able to synthesize chlorophyll, there is a very marked decrease in the total carotenoids, and this decrease is seen in both the carotene and in the xanthophyll fractions. In comparison, the pigment mutant described by Sager and Zalokar (26) as a pale green mutant (no. 95) lacks all xanthophylls and contains only a-and ,8-car3tene. The 18-carotene/a-carotene ratio is 2.9. This mutant strain was grown in the dark, for it dies when grown aerobically in the light. In this respect, it resembles some of the mutant strains of Chlorella vulgaris (2-6) and Chlorella pyrenoidosa (1) which will also be killed when exposed to light and to oxygen. The Chlorella mutants lack xanthophylls, but contain colorless polyenes, such as phytofluene and phytoene, which are absent in the wild type strains. These colorless polyenes were not reported in the pale green mutant (26) , and they are also absent from strain y-2.
The 4 remaining mutant strains of C. reinhardi under consideration have impaired photosynthesis. They are unable to fix CO2 in the light at a rate comparable to the wild type strain (21) and each is pre-sumed, therefore, to be blocked in some step of photosynthesis. These steps have been partially elucidated. Whole cells or isolated chloroplast fragments of ac-16 an(l ac-21 give a Hill reaction whereas similar preparations of ac-115 and ac-141 (lo not (20, 21) . It has also been shown that both ac-115 an (lac-141 are deficient in plastoquinone (20) .
The analysis of the carotenoidl pigments in lightgrown cells of these 4 mutant strains reveals sinmilarities aimongst the mutant types which ten'l to (listinguish them from the wild type strain (table IV). All 4 of these mutant strains have a lower carotenoid content antI a lower P-carotene/a-carotene ratio than the light-grown wild type strain. In this respect, these mutants resemble the dlark-grown wild type strain, which has similar characteristics. They differ from dark-grown wild type, however, for they have a higher xanthophyll/carotene ratio. properties are also characteristic of the wild ty)pe strain culturedl in the (lark.
